Reaction cross sections have been measured at energies ranging from 50 to 70 MeV/nucleon for a variety of exotic neutron rich isotopes of Ar, K, Ca, and Sc. A method where Si detectors are used also as targets has been utilized for the measurements. The strong absorption radii r 0 2 have been determined and compared to the results of Glauber-type calculations which used density distributions extracted from the relativistic mean field theory. The isospin dependence of the radii was investigated and a trend similar to the one for lighter nuclei has been observed. The possible existence of halo or skin nuclei has also been addressed.
I. INTRODUCTION
Beams of radioactive nuclei have been extensively used to study the structure of nuclei far from stability. Considerable theoretical effort has also been applied to these nuclei ͓1-14͔. The evaluation of interaction radii through interaction cross-section measurements can provide valuable information on the structure of exotic nuclei demonstrated by deviations from the A 1/3 dependence of the radii in the case of neutron-or proton-rich nuclei. The observation of remarkably large values for the radii of 11 Li and 14 Be were attributed to structure effects, suggesting the presence of a neutron halo ͓1,2͔.
Several experiments at intermediate and high energies obtained information on a variety of light nuclei ranging from He to P ͓1-3,7,8͔. At high energies, it is known that the interaction cross section essentially probes the nuclear geometry. In the experiments, the interaction cross section I is usually obtained by a transmission technique and an important result is the verification of the separability of the interaction nuclear radii R I into projectile and target components ͓1,2͔. This can be expressed as I (p,t)ϭ͓R I (p) ϩR i (t)] 2 , where R I (p) and R I (t) are the nuclear interaction radii of the projectile and target, respectively. The validity of this procedure was confirmed for all the values of I for p-shell nuclei. This fact is also demonstrated by theoretical calculations based on the Glauber model ͓15,16͔. The effective root mean-square ͑rms͒ radii can also be deduced from I using Glauber model calculations ͓5,11͔. Several experiments at intermediate energies, have investigated nuclear radii using different techniques ͓7-9,17͔. Some results reported in the literature show comparisons between different methods and their limitations ͓8͔. The associated ␥-ray technique ͓7͔, in the case of neutron-rich nuclei, underestimates the reaction cross section due to the contribution of breakup reactions leading to nuclei in the ground state or at low excitation energies. Recently, Villari et al. , making use of a direct method ͓8͔ which overcomes the difficulties above, obtained reaction cross sections and strong absorption radii for several isotopes from He to P. In this case, the values of the nuclear radii were obtained using a semiempirical parametrization which takes into account the nuclear transparency ͓18,19͔.
The combination of results from isotope shift ͓20,21͔ and electron scattering ͓22͔ measurements has been used successfully to provide evidence of the presence of a neutron skin or halo for several neutron-rich isotopes. The isospin dependence of the nuclear matter radii is also a powerful means of studying the structure of unstable nuclei ͓11͔. In general, it is noticed that the radii increase for nuclei presenting large isospin values. This fact can be related to densitydependent forces, which play an important role in determining the increase of the radii.
The large number of experiments performed have so far concentrated on lighter nuclei. In order to extend the amount of information available on nuclear radii, we performed reaction cross-section measurements on f -p shell exotic neutron-rich nuclei and extracted the corresponding strong absorption radii. The experimental setup was based on the direct method of Ref. ͓8͔ and the results were compared to Glauber-type calculations in conjunction with the relativistic mean-field theory, which provided the density distributions. The radii dependence of the nuclear matter radii on the isospin is addressed, as well as the possible existence of neutron skin or halo nuclei in this mass region.
The presentation is organized as follows. In Sec. II, the experimental details are presented. In Sec. III, the data analysis is discussed. In Sec. IV the theoretical calculations and discussions are presented and conclusions are shown in Sec. V.
II. EXPERIMENTAL DETAILS
The experiment was performed at the National Superconducting Cyclotron Laboratory ͑NSCL͒ at Michigan State University. The secondary radioactive beams were produced via fragmentation on a 140 mg/cm 2 9 Be target, placed at the target position of the A1200 mass separator which was operated in the medium acceptance mode, corresponding to a solid angle ⌬⍀ of about 0.8 msr ͓23͔. The Be target was bombarded by a primary 70 MeV/nucleon, 1.0 pnA 55 Mn beam from the K1200 cyclotron. In order to estimate the production rate for the exotic nuclei, we used the code INTENSITY ͓24͔, developed at the NSCL for calculations related to the A1200 device. Three magnetic settings of the A1200 were employed in order to cover the mass region of interest, corresponding to Ar, K, Ca, and Sc isotopes. Two standard position sensitive (X and Y ) parallel plate avalanche counters ͑PPAC's͒, located at one of the image points of the A1200, were utilized as beam monitors and provided position and angle measurements. These measuments were used to correct the trajectories and consequently the time of flight of the different beams and to reject in the off-line analysis, the ions which eventually were scattered in the first half of the device or hit the target frame or ladder.
The reaction cross sections were obtained by means of a method similar to the one used in Ref. ͓8͔ . In this case, the setup ͑ Fig. 1͒ consisted of a Si detector stack which served as target and detector and all the particles of interest stopped in it. Events corresponding to reactions are separated from the nonreaction ones essentially by the difference in energy. The stack was composed of 7 Si detectors of 75, 150, 150, 500, 500, 500, and 1000 m thickness. The total thickness was calculated to completely stop beams with Z ranging from 18 to 21 with energies up to 70 MeV/nucleon. The data for particles with ZϽ18 were not taken into account, as they do not stop completely in the silicon stack and consequently do not provide total energy information, which is not appropriate for the present method of analysis ͓32͔. The uncertainties of the results in this case would be large as they depend on uncertainties related to energy loss calculations and detectors thickness. For energy calibration purposes, a low intensity 55 MeV/nucleon 55 Mn beam was sent directly to the scattering chamber. The amplifiers for all the Si detectors were gain matched using a pulser and a calibrated capacitor. One position sensitive PPAC was placed inside the chamber right in front of the Si stack to provide information about the beam size and therefore assure that the particles were properly going into the stack. In order to take into account the reaction events arising from the quasielastic processes, which are under the strong elastic peak, the stack was surrounded by an array of 7 hexagonal BaF 2 ␥ detectors disposed in a geometry close to 4. Each detector is 25-cm long and the largest dimension of the front face is 6.5 cm. Six detectors were stacked longitudinally around the Si detectors and the seventh one was placed behind the Si stack, leaving only a front opening for the beam entrance ͑see Fig. 1͒ . After background subtraction, the number of events corresponding to quasielastic processes within the region of the elastic peak was then determined using the number of ␥-ray coincidences. The contribution of the background was Ͻ1% for all cases. The energy calibration was performed with precision ␥-ray sources and the detection probability was determined as being 98% with an uncertainty of about 2%.
The incident particles were unambiguously identified by the energy loss ͑from which the atomic number can be determined͒ in the second Si detector ͑the first one had a low signal-to-noise ratio͒ and by the trajectory corrected time of flight ͑TOF͒ between a third PPAC at the focal plane of the A1200, located approximately 50 m upstream, and the second Si detector. In Fig. 2 is shown a two-dimensional Z ϫ TOF spectrum. In this figure, the arrow indicates the A/Q ϭ 2.5 ratio for the 50 Ca nucleus.
III. DATA ANALYSIS
In the method used to extract the strong absorption radii, the reaction cross-section value R is an energy integrated one, as the particles completely stop in the Si detector stack. The mean energy-integrated reaction cross section R is defined as
where mϭ28 is the molecular weight of Si and N A is the Avogadro's number. R max is the range of the incident particles, calculated using the Ziegler tables. The uncertainty associated to the R max values is about 5%. For the evaluation of R , as the first Si detector was not performing properly, we have subtracted from the total thickness of the stack, the thickness of the first and half of the second Si detector ͑used for the time of flight start signal͒, as a correct identification implies that no reaction has occurred in this region. The quantity P R is the reaction probability. To obtain a precise value for P R , the total energy spectra nongated and gated by at least one ␥ ray are constructed for each mass ͑see Fig. 3͒ . After background subtraction and detection probability corrections for the ␥ rays, P R is calculated through the ratio of the number of reaction events in the gated spectra and the number of events in the nongated ones. The description of the reactions in terms of individual nucleon-nucleon collisions was addressed by microscopic calculations and it has been shown that there is a close relation between the behavior of the free nucleon-nucleon cross section and the effect of nuclear transparency ͓18,19͔. Recently, Kox et al. ͓18͔ developed a parametrization for R which reproduces very well most of the experimental data at intermediate and high bombarding energies, using only one free parameter related to the nuclear transparency. In this paper, we use the parametrization of Kox et al. to extract the strong absorption radii defined as
with f (E), which divides the interaction radius into volume and surface components, given by
where A p and A t are the projectile and target mass numbers, aϭ1.85 is a mass asymmetry parameter related to the volume overlap of the projectile and the target, C(E) is an energy-dependent transparency, V B is the Coulomb barrier, and E c.m. is the energy in the center-of-mass frame. The function C(E) and the parameter a, were obtained from a fit of experimental data over a wide range of bombarding energies and for a large variety of projectiles and targets ͓8͔. In this parametrization, the energy dependence is present in the transparency C(E) and in V B . It has been shown in Ref.
͓8͔ that these values correspond to corrections of 0.7 and 2.7 %, respectively, when compared to the geometrical cross section, confirming that this procedure is reliable for obtaining information from the energy integrated reaction cross sections. From Eqs. ͑1͒-͑4͒, the experimental reaction cross sections R and strong absorption radii r 0 2 were calculated. The final uncertainties in R and r 0 2 consist essentially of a combination of statistical errors, background subtraction, and detection probability errors contained in P R and errors in the R max values. The agreement between r 0 2 values for different magnetic rigidity settings and for a given isotope, support the reliability of the energy dependence adopted in Eq. ͑4͒. The final values for the radii are obtained through a weighted average using the values obtained for each setting where a given isotope is present and the corresponding uncertainties. The experimental results for the studied isotopes are presented in Table I , as well as the neutron separation energies.
In Fig. 4 , the values obtained for r 0 2 are shown as a function of the mass number for Ar, K, Ca, and Sc isotopes. The points with large error bars correspond to low statistics data associated with masses lying at both extremes of the spectrum for a given magnetic field setting optimized for masses in the middle. The solid lines correspond to Glauber-type calculations discussed in the next section.
IV. THEORETICAL CALCULATIONS AND DISCUSSION
The determination of the matter density distribution for nuclei far from stability is not an easy task. Presently, there are no model-independent methods and we have to make use of simple models to relate the reaction cross section results to the nucleon density distributions. In order to compare the experimental results to theoretical calculations, we use in this work the optical limit of the Glauber model ͓16͔ and the relativistic mean-field theory ͑RMF͒ ͓25͔.
In the Glauber theory, the reaction cross section is written as FIG. 3 . Typical total energy spectra for the 50 Ca isotope: ͑a͒ unconditioned spectrum; ͑b͒ coincidence spectrum with the 4 ␥ array.
where T(b) is called the transparency function. This function represents the probability that the projectile with impact parameter b will pass through the target without interacting. In the calculation of T(b), it is assumed that individual nucleon-nucleon collisions occur in the overlap region between projectile and target. Therefore, this approximation is expected to work better for higher energies. The transparency function is written as
where (E) is the nucleon-nucleon collision cross section, s and sЈ are given by sϭͱx 2 ϩy 2 and sЈϭͱ(xϪb) 2 ϩy 2 and z is the projected density for the projectile and target at the radius s or sЈ .
The integral in Eq. ͑6͒ is the overlap of target and projectile density distributions for the impact parameter b and is obtained from
The RMF theory is applied to obtain the target and projectile density distributions of Eq. ͑6͒, which contain the proton and neutron density distributions. The RMF is a phenomenological many-body framework, in which the selfconsistent equations for nucleons and mesons are solved under the spherical symmetry assumption. The theory has the ability to provide all the essential information on the nuclear structure, such as masses, radii, single particle states, and wave functions ͑hence the density distributions͒ from the effective Lagrangian containing the nuclear interaction. For the calculations presented here, we adopt the TMA parameter set, which has been determined using experimental masses and charge radii over a wide mass range ͓5͔. Combining the density distributions for protons and neutrons calculated from the RMF theory with Eq. ͑6͒, we obtain the reaction cross section using Eq. ͑5͒. After calculating the reaction cross section for several energies, from the barrier to the incident energy for each of the nuclei under investigation, we use the same parametrization presented in the previous section to obtain the mean value of the reaction cross section R and the strong absorption radii r 0 2 . According to results presented in Ref. ͓8͔ , the values for the reaction cross section drop drastically for energies below about 10 MeV/ A. These energies, therefore do not contribute significantly when calculating the integral of Eq. ͑1͒. The results of the calculations are presented in Fig. 4 as a solid line. Although it is expected that the optical limit of the Glauber model works better for higher energies (ϳ400 MeV/nucleon͒, the agreement with the experimental results is satisfactory in terms of magnitude, however presenting, a less steep trend for all the isotopes. These results will be discussed later. For intermediate energies and lower, the Coulomb deflection should be taken into account. This correction can be made classically by replacing the impact parameter b, in Eq. ͑5͒ with the nearest distance of the collision in the Coulomb trajectory. The Pauli blocking and Fermi motion effects are also factors to be considered. The Pauli blocking effect was studied in Ref. ͓26͔, where the nucleon-nucleon cross section was replaced by the effective nucleon-nucleon cross section determined in Refs. ͓27,28͔. With this procedure, the reaction cross section R was estimated to be reduced by about 3% at energies around 300 MeV/nucleon and approximately 8% at energies around 80 MeV/nucleon. The internal motion of the nucleons makes the nucleon-nucleon collisions occur at energies different from the original incident beam energy per nucleon. However, the broadening of the effective beam energy associated to the Fermi motion is not expected to change R significantly, although this effect has not yet been fully included in the calculations. The corrections described above were successfully included in the calculations of Ref.
͓26͔, where the experimental cross sections were very well reproduced for energies ranging from 10 to 2000 MeV/ nucleon. In this work, the calculations do not include these corrections.
Our results for stable nuclei such as Ca is predicted to be similar to the one for 48 Ca, but our measurements suggest a smaller radius for 46 Ca. However, this value has a large error bar so that a strong statement about the radius of 46 Ca cannot be made from the present data. The Glauber calculation generally overestimates the radii for the stable isotopes. This could be in part associated to the noninclusion of the corrections mentioned above.
The isospin dependence of nuclear radii was investigated for several light exotic nuclei ͓8,11,29͔ both at intermediate and high energies. The r 0 2 values increase as a function of the isospin for practically all measured isobars and this behavior becomes less pronounced for heavier nuclei. This trend was well reproduced by Hartree-Fock calculations using a strong density-dependent Skyrme interaction ͓26͔. The comparison of radii obtained from data at different bombarding energies showed that a discrepancy exists for a few nuclei ͓11͔. If the matter distribution is different for very exotic nuclei, the r 0 2 values will be energy dependent; as for the intermediate energies, the cross section reflects the tail of the density distribution, whereas for high energies, it reflects the inner region.
In Fig. 5 , we present the r 0 2 values as a function of the isospin T Z ϭ(NϪZ)/2 for the measured isobars. Although we do not have data for many isobars of a given mass, it can be noticed that the radii tend to increase as a function of the isospin, showing the same trend observed for lighter nuclei.
The existence of skin or halo nuclei is usually investigated at high bombarding energies, using experimental cross-section results combined with Glauber-type calculations and, when possible, using available isotope-shift data. In Ref. ͓11͔, effective root-mean-square ͑rms͒ radii of the nucleon distribution for Aϭ17 nuclei have been deduced using the Glauber model assuming harmonic-oscillator distributions for the densities. The width of the distribution was the only parameter varied in the calculations in order to fit the experimental data. The observed difference between the experimental and calculated values for large isospin was associated to a large tail component in the nuclear matter density not taken into account in the calculations. This suggests the presence of a neutron halo in 17 B. In Ref. ͓21͔, a similar analysis was carried out for Na isotopes. The possibility of using isotope-shift data for some of these isotopes allowed the determination of neutron and proton radii separately. The increasing difference between neutron and proton radii as a function of isospin suggested the increase of the neutron skin.
In this work, we did not perform calculations such as the ones described above but instead we took into account the results of the Glauber calculations in a simple way. In Ref.
͓21͔, the experimental cross-section behavior as a function of the mass for Na isotopes was very well reproduced by Glauber calculations using density distributions obtained from the RMF theory. We took a similar approach in the present work. The calculations in Ref. ͓21͔ predict thick neutron skins for the Na isotopes and are in agreement with the experimental results. In our case the results from the calculations shown in Fig. 4 do not predict significant neutron skins. There is a suggestion of small neutron skins for the more neutron-rich isotopes and it is more apparent for the K and Ca isotopes. The experimental values present comparable magnitudes and steeper trends when compared to the calculations and this could suggest the presence of larger neutron skins, especially for the K and Sc isotopes. This may be understood considering that the K and Sc isotopes studied here are further away from the stability line than the Ar and especially the Ca isotopes. The experimental radius for the 41 Ar isotope has a small error bar and is unexpectedly high. No clear explanation has been obtained so far for this fact ͓33͔. The observed difference in trend between the experimental results and the calculations could be in part due to the noninclusion of the Pauli blocking and Coulomb deflection corrections mentioned above. Therefore these observations suggest that there is evidence of neutron skins for the nuclei in the mass region studied. The evaluation of the thickness for the neutron skins will not be addressed here.
In Fig. 6 we present the r 0 2 values as a function of the neutron excess N-Z for the nuclei measured in this work together with the results of Ref. ͓8͔ for lighter nuclei. These values are in good agreement with other results available in the literature for the same mass region for isotopes from He to P. Despite the fluctuations, one can observe a slight increase of r 0 2 as one goes from Li to Sc isotopes. The values vary on average, from about 1.15 to 1.35.
V. SUMMARY AND CONCLUSIONS
Reaction cross sections and strong absorption radii have been determined for f -p shell exotic neutron-rich nuclei at intermediate bombarding energies. In the present investigation we extend the results available by studying heavier f -p shell isotopes ͑Ar, K, Ca, and Sc͒. The results for r 0 2 as a function of the mass number for each isotope have been compared to predictions from Glauber-type calculations using density distributions from the relativistic mean-field theory. The Coulomb deflection and Pauli blocking corrections, which are suitable for the energy range covered in this work were not included in the calculations. Fermi motion corrections were not taken into account, as they are not expected to affect significantly the cross-section predictions.
The agreement between the predicted radii and the experimental results was satisfactory, even considering that the calculations would work better for higher energies. The calculations suggest the presence of thin neutron skins which are more evident for K and Ca isotopes. The experimental results show steeper trends and suggest the presence of neutron skins for all the isotopes, especially the K and Sc ones. This could be related to the fact that the K and Sc isotopes studied in the present experiment are further away from the stability line than the Ar and Ca ones. The discrepancies in trend could be due to the noninclusion of corrections related to Pauli blocking and Coulomb deflection. The confirmation of the presence of neutron skins could be determined by the difference between proton and neutron root-mean-square radii.
The radii increase as a function of the isospin T z presenting a behavior similar to the one observed for lighter nuclei. The combination of our results for r 0 2 and results from the literature for lighter isotopes, show that on average the radii increase slightly as a function of the neutron excess N-Z.
In order to perform a more complete study of the reaction cross sections and radii, one should determine these quantities as a function of the energy of the particles. In this case, one would not need to use the semiempirical parametrization for unfolding the mean integrated reaction cross section and could compare the results with the procedure adopted here. This would be an additional test for the reliability of the energy dependence used in the parametrization for the reaction cross section. In an experiment we performed recently the energy dependence has been addressed. It would also be interesting to combine the experimental results with available isotope-shift data for some of the isotopes in order to evaluate the size of the possible neutron skins through the difference between the root-mean-square neutron and proton radii.
